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Abstract 
The design of prosthetic grafts plays an essential role on the hemodynamics through the graft anastomosis. Research has shown that swirling 
flow, which is caused by the rotational compressive pumping of the heart, is a natural phenomenon in the arterial system and results in removing 
unfavourable flow environment. Recently, non-planar helical grafts have shown to perform better than grafts with internal spiral ridge in inducing 
the swirling flow. The present work investigates the importance of the ridge design and in particular, shows that the ridge trailing edge orientation 
at the anastomosis has significant effects in potentially improving the hemodynamic efficiency of this type of graft. 
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 Introduction  
An anastomosis is a surgical connection between a natural 
or prosthetic graft and veins or arteries. Generally, the graft 
anastomoses can be divided into three configurations: (1) end-
to-side, (2) end-to-end, and (3) side-to-side anastomosis.  
Vascular graft anastomoses are currently used mainly as 
Arterial Bypass Grafts (ABGs). Examples of ABGs include 
peripheral arterial grafts and Coronary Artery Bypass Grafts 
(CABGs). Each year over a million vascular grafts (excluding 
valves) are used in current medical practice. Problems requiring 
the use of a graft include vessels occlusion, damaged vessels 
resulting from trauma or aneurysm, and the formation of a new 
tissue structure through regenerative therapies. In ABGs, 
currently, the ‘gold standard’ option is to use naturally 
occurring vessels (‘autologous’ grafts); however, this brings 
inherent problems including additional surgery for the patient, 
and the frequent unsuitability or limited availability of their 
vessels due to systemic disease. There is also a lack of viable 
treatment options when the blood vessel is less than 6 mm in 
diameter [1]. Hence, prosthetic grafts, following either 
biomaterial or tissue engineered approaches, are utilised. 
Current prosthetic surgical options commonly include Dacron 
(Polyethylene Terephthalate, PET) and expanded 
Polytetrafluoroethylene (ePTFE). Unfortunately, prosthetic 
grafts are known to exhibit unsatisfactory long-term 
performances [2]; therefore, much research is being performed 
to reduce failure rates and improve patency rates, particularly 
for vessels under 6 mm in diameter.  
Graft failure is currently a major concern for medical 
practitioners in treating peripheral vascular disease (PVD) and 
coronary artery disease (CAD). Early graft failure (within 30 
days) is attributable to surgical technical errors and resulting 
thrombosis, while late graft failures are mainly caused by 
progression of atherosclerosis and Intimal Hyperplasia (IH) 
[3,4]. It is now widely accepted that hemodynamic factors play 
a crucial role in the formation and development of IH [5,6].  
To improve the efficiency of ABGs, several attempts have 
been made in the past few decades to mimic the physiological 
blood flow in arteries and grafts. Research has shown that the 
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‘spiral flow’ is a natural phenomenon in the whole arterial 
system [7,8]; the rotational motion of the blood flow is induced 
by the twisting of the left ventricle during contraction and then 
accentuated upon entering the aortic arch [9]. In addition, the 
swirling flow has been identified as anticlockwise in the right 
common iliac arteries and clockwise in the left common iliac 
arteries [10,11]. Two of the most recent and innovative designs 
based on inducing spiral flow in grafts include: 1) ‘SwirlGraft’ 
[12] which has a helical out-of-plane geometric feature 
incorporating ‘Small Amplitude Helical Technology’ 
(SMAHT), and 2) ‘Spiral Flow Graft’ [13] which is engineered 
to induce spiral flow through an internal ridge within its distal 
end. 
The aim of this study is to carry out a numerical investigation 
on the hemodynamic effects of different geometrical design 
parameters in swirl-inducing bypass grafts.   
 Method  
2.1. Geometrical Models 
The main geometry studied in this work represents a typical 
End-To-Side (ETS) distal graft anastomosis, which can be 
found in the following three graft configurations: 1) Peripheral 
Artery Bypass Graft, 2) Coronary Artery Bypass Graft, and 3) 
Arterio-Venous Access Graft. The former has been selected for 
the present work since both of the novel flow field 
augmentation designs discussed above, so far have only been 
tested for the peripheral artery bypass configuration.  
Figure 1 shows the schematics of all the geometrical models 
tested in the present study. 
2.2. Numerical Procedure 
Mesh: The computational domains used for the present 
simulations were based on finite-volume hybrid mesh 
consisting of prismatic elements for the near-wall and 
tetrahedral elements for the core regions and were generated 
using ANSYS-Meshing (Version 14.5). In order to ensure the 
accuracy of the simulations, a series of steady-state 
computations with different mesh refinement were conducted 
to ensure grid independency prior to running the present 
computations.  
Boundary conditions: The blood flow is assumed as three-
dimensional, incompressible, isothermal and laminar. The 
Carreau-Yasuda model is used to describe the non-Newtonian 
rheology of the blood [15]. Constant and pulsatile flow rates are 
applied at the inlet for the different steady-state and transient 
cases, respectively. At the artery outlet, the traction-free 
outflow boundary condition is applied. Also, the no-slip 
boundary condition is applied to all walls. A rigid wall model 
is assumed in the present study, which has been shown to be a 
valid assumption [16,17]. 
Solver settings: The governing equations are solved 
numerically by a finite volume method and the CFD code, 
ANSYS CFX (Version 14.0), using a high resolution scheme in 
steady-state simulations and a fully implicit second-order 
backward Euler differencing scheme in transient simulations. 
For the latter, the time-step size is taken to be 0.01 s, and the 
results are recorded at the end of each time-step. In order to 
eliminate the start-up effects of transient flow, the computation 
is carried out for four periods, and the fourth period results are 
presented. The convergence criterion (a normalised residual, 
obtained based on the imbalance in the linearized system of 
discrete equations) is set to 10-6 in this study. 
 
Figure 1 – Schematic of the computational models tested in the present work.
 Results and Discussion  
3.1. Validation Test 
The spiral graft configuration was used in order to assess the 
accuracy of the computational method against the experimental 
results obtained by Kokkalis et al. [18]. Figure 2 compares the 
contours of normalised secondary velocity magnitude at 
monitoring plane 3 using the present numerical method under 
steady-state conditions with the experimental data using the 
Spiral Laminar Flow PV graft (Vascular Flow Technologies 
Ltd., Dundee, UK). The qualitative assessment of results 
enables to identify the weakest and strongest areas of secondary 
flow. 
Figure 2 – Distributions of normalised secondary velocity using (a) the present 
numerical method and (b) experimental measurements of Kokkalis et al. [18]
at monitoring plane 3 and Re=1140. 
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3.2. Graft Entrance Length 
In CFD simulations, the proximal section of the graft is 
normally not considered in order to reduce the size of the 
computational domain and the computational cost. In this 
section, the effect of the graft proximal length and curvature on 
the flow field at the anastomosis and the host artery has been 
studied by simulating different geometrical models with (i) 
straight, (ii) partially curved, and (iii) fully curved grafts (see 
Figure 1). As shown in Figure 3, the straight graft model cannot 
provide all the flow features observed in the case of curved 
grafts. Stronger vortical flow structures are observed in the 
curved grafts proximal to the anastomosis (Monitoring Plane 
1), resembling in vivo observations. Also, within the host artery 
 
four vortices are observed in the curved graft models; while the 
lower vortices in the straight graft model are not fully formed 
(Monitoring Plane 3). Moreover, further distal in the host 
artery, the centre of the vortices is located higher in the curved 
graft models, while in the straight graft model they are located 
lower and the size of the vortices are overestimated (Monitoring 
Plane 4). 
The above observation suggests that including a short curved 
length to the proximal section of the graft could have 
measurable effects on the main flow features within the 
anastomosis and therefore, in order to make the simulations as 
realistic as possible, one may need to include a longer curved 
graft in the simulations.  
Figure 3 – The effects of graft entrance length and curvature for the control model using streamlines and secondary velocity magnitude distributions at 4 different 
monitoring planes. The four monitoring planes include one normal to the graft at the anastomosis and three YZ planes along the host artery, located 1mm, 5mm 
and 50mm distal from the toe of the anastomosis.
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3.3. Out-of-Plane Helicity VS. Spiral Ridge 
In order to establish the differences between non-planar 
helicity and having an internal spiral ridge (i.e., the basis of 
‘SwirlGraft’ and ‘Spiral Flow Graft’, respectively), three 
geometrical models are tested in this section and their 
dimensions and schematics are included in Figure 1. A brief 
description of each model is as follows: 
Model 1 (Control Graft): This model represents a baseline 
and a conventional ETS distal graft anastomosis for a peripheral 
artery bypass configuration.  
Model 2 (Spiral Graft): This model has an internal spiral 
inducer within the distal end of the graft in the form of an 
internal ridge. The ridge which is one pitch long, provides 
ridged cross-sectional geometry to engender and deliver a 
single-spiral flow pattern. 
Model 3 (Helical Graft): The distal end of the bypass graft 
in this model consists of a small amplitude out-of-plane helical 
configuration. The helical section of this model involves a one-
turn helix with pitch and amplitude approximately 14D and 
0.5D, respectively (where D is the internal diameter of the 
graft). 
The flow streamlines at the ‘peak’ and ‘reversed’ flow 
phases for the above models are shown in Figure 4.  
In Figure 4a), comparing the streamlines for all three models 
at the peak flow phase reveals that while the vortical structures 
in all models are three-dimensional and vary in both strength 
and shape, the non-planar helical graft structure is essential for 
maintaining the swirling flow, even much more than the 
internal ridge. The other observation is that the helical model 
produces a strong vortical structure which remains effective for 
a distance equal to at least 8.3D from the anastomosis (i.e., 
location of the monitoring plane 4). On the other hand, the 
model with the spiral ridge results in a weaker vortex, which is 
located mainly in the centre of the host artery.  
As shown in Figure 4b), the flow pattern in all three cases 
change during the reversed flow phase, where weaker vortical 
structures and less significant swirling motion can be seen 
compared to the peak flow phase. During the reversed flow 
phase, the helical model has maintained the vortical structure 
during the backflow, unlike the control and spiral models. 
Another point to highlight about the results shown in Figure 
4 is related to the blood flow into the occluded proximal part of 
the host vessel. As one would expect, more backward flow can 
be seen during the reversed flow phase and fluid particles tend 
to travel further upstream in all three cases.  
The results in this section demonstrate that the spiral ridge is 
significantly less effective than the non-planar helicity of the 
Figure 4 – Comparison of the streamlines for all three models at a) approximately peak flow phase (t1=0.25s) and b) reversed flow phase (t2=0.41s). 
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graft, in producing vortical structures within the anastomosis 
and further downstream. 
3.4. Improving the Grafts with a Spiral Ridge 
Although the spiral configuration has been shown to have 
less influence than the non-planar helicity, its modified design 
can considerably improve the flow pattern, as it was determined 
in previous research [19, 20]. In particular, the angular 
orientation of the ridge trailing edge has been identified as an 
important design parameter to optimize the performance of the 
bypass graft.  
Figure 5 – Contours of secondary velocity magnitude and distribution of WSS
for the cases of trailing edge orientations 90º and 270º with circular and
clockwise ridge. 
 
In this section, a series of steady-state simulations have been 
conducted for a graft with a single internal circular ridge (radius 
of ridge fixed at 1.8 mm) with a clockwise spiral and different 
ridge trailing edge orientations. Figure 5 shows the distributions 
of secondary velocity magnitude and Wall Shear Stress (WSS) 
for the trailing edge orientations 90º and 270º. Significant 
differences can be observed at all monitoring planes due to the 
different rotations induced by the ridge and the host artery. 
Since the flow in the distal section of the graft is clockwise, in 
the case of trailing edge orientation 90º, the ridge is on the inner 
wall of the curvature, therefore, the induced rotation by the 
ridge is supressed by the near sidewall effect in the host artery 
upon impingement on the arterial bed, as illustrated in Figure 6. 
However, in the case of trailing edge orientation 270º, since the 
ridge is positioned on the outer wall of the curvature, the 
swirling flow receives less amount of suppression from the 
surrounding boundaries. Consequently, the magnitude and the 
degree of asymmetry of WSS are higher for the orientation 
270º. In light of the above observation, the trailing edge 
orientation should be considered as an important design factor 
in this type of graft. 
  
Figure 6 – Differences in the flow field generated by the trailing edge 
orientations 90º and 270º. 
 Conclusions  
Arterial bypass graft failure due to stenosis is currently a 
major concern for medical practitioners worldwide in treating 
heart and circulatory conditions including Peripheral Vascular 
and Coronary Artery Diseases. 
The spiral flow, which is caused by the rotational 
compressive pumping of the heart, is a natural phenomenon in 
the arterial system and is shown to remove unfavourable flow 
environment such as turbulence, stagnation and oscillatory 
shear stress [7,8], which are believed to be the main causes of 
intimal hyperplasia at anastomotic configurations.  
The present study found that inducing swirling flow in the 
bypass grafts would lead to positive flow features and more 
favourable distribution of haemodynamic parameters in the 
graft, anastomotic region, and the host artery, which in turn, 
could potentially enhance the patency and longevity of the 
bypass graft. To achieve swirling flow in the anastomosis, graft 
out-of-plane helicity was found to be significantly more 
effective than a spiral ridge. Nonetheless, the design of the graft 
with a spiral ridge can be improved by modifying different 
geometrical parameters including the ridge trailing edge 
orientation. In the present work, trailing edge orientations of 90º 
and 270º were tested and the latter was found to have superior 
performance (with a clockwise ridge) in terms of producing 
stronger swirling flow within the anastomosis and the host 
artery.  
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